The Appalachian coal industry has been successful in developing technologies to identify, handle, treat and isolate potentially acid-forming overburden materials at coal mines in the region. Modern coal mining permits have stringent guidelines for reclamation and water discharge limits. Total dissolved solids (TDS) is a new water quality parameter that has been linked to a decrease in survival of aquatic macro-invertebrates in receiving streams. Past techniques to predict acid mine drainage potential to decrease impacts to streams may not accurately predict the release of TDS. The objective of this work was to develop a TDS release index from overburden material that could be used to predict and screen overburden materials that contribute to high TDS concentrations. Forty-one overburden samples containing a range of sandstones and shales were collected from surface mines in West Virginia, Virginia, and Kentucky. Samples were ground to <2 mm particle size and weathered in dilute HNO 3 to determine TDS released. Supernatants were analyzed for pH, electrical conductivity (EC), and other selected ions. Results were compared to Acid-Base Accounting parameters for each sample; i.e. paste pH, maximum potential acidity (MPA), neutralization potential (NP), and net neutralization potential (NNP). Results showed that MPA (sulphur content) had the strongest relationship to TDS release, and low, moderate, and high TDS release indices were developed based on MPA values. Samples with MPA values of 0.0-1.0 g kg -1 gave <150 mg l -1 TDS, 1.0-3.0 g kg -1 gave <300 mg l -1 , whereas 3.0+ g kg -1 produced TDS values >500 mg l -1 . NPP was also a predictor for TDS, with an NPP ≥-2.0 g kg -1 likely to produce <300 mg l -1 of TDS and NPP <-2.0 g kg -1 likely to produce TDS concentrations >300 mg l -1 .
West Virginia is the largest coal-producing state in the Appalachian coal region (U.S. Energy Information Administration 2012). Coal mining has often been at the forefront of controversy concerning human and environmental health and safety because of the prevalence of mining in the state. Environmental impacts caused by the extraction and burning of coal include degradation of aquatic life and streams, deforestation, topography changes, acid mine drainage, erosion, subsidence, and acid rain (Palmer et al. 2010) . Regulations to control and minimize damage during mining have been passed and adherence to reclamation standards has reduced the environmental impacts.
During surface mining activities, the layers of rock which cover the coal seam, known as overburden material, are blasted apart and moved in order to expose the coal. The broken overburden materials are placed to rebuild the landscape and are subjected to accelerated weathering, which promotes the release of soluble constituents into the environment. Depending on the chemical composition of the rock, weathering of these broken rocks can promote acid mine drainage, alkaline mine drainage (Bernhardt et al. 2012) , as well as the release of heavy metals, and total dissolved solids (TDS). TDS are defined as the total sum of cations and anions in solution, but also includes any inorganic and/or organic constituent in water that can pass through a 2.0-µm filter (APHA 1992) . Common ions are SO 4 2-, HCO 3 -, Cl -, Ca 2+ , Mg 2+ , K + , and Na + , but any element that is present in solution will contribute to TDS. Depending on the properties of the disturbed rock, physical and chemical weathering can produce high concentrations of TDS in receiving streams soon after disturbance, which generally declines with time (Skousen & Ziemkiewicz 2000; Skousen et al. 2000) .
Acid-base accounting (ABA) is the most common method for predicting post-mining water quality (Perry 1985) . Researchers at West Virginia University developed the ABA to better understand the chemical production potential of overburden material and to determine potential topsoil substitutes (Smith et al. 1974) . The ABA procedure is currently utilized to determine the total amount of acidity and alkalinity that may be produced from overburden materials upon weathering (Skousen et al. 1997) . Overburden cores in areas which are to be mined are extracted and used to gather physical and chemical information about rock layers before they are disturbed (Skousen et al. 1990 ). The geological layers of each core are identified by rock colour, hardness, fizz, and pH, and samples from these layers are then analyzed for total sulphur or maximum potential acidity (MPA) and neutralization potential (NP) (Skousen et al. 1987) . The acidity or MPA comes from total sulphur analysis, and the alkalinity or NP is a measure of alkaline carbonates, exchangeable bases, and weatherable silicates present in the overburden material. Both MPA and NP are expressed in the unit g kg -1 or parts per thousand parts. Although the ABA has been successful in predicting the release of acidity or alkalinity from overburden and its impact on stream quality (Skousen et al. 2002) , it is unclear whether ABA will accurately predict TDS release from overburden material.
In recent years, researchers have suggested that TDS are responsible for polluting waterways and harming aquatic insects, which serve as the food supply for fish and other aquatic vertebrates. Several studies (Chapman et al. 2000; Goodfellow et al. 2000; Pond et al. 2008; and Timpano et al. 2010) have reported TDS as a major stressor upon receiving streams in mined watersheds. The US Environmental Protection Agency (USEPA) has issued guidance documents stating electrical conductivity (EC) values (EC being a surrogate for TDS) of <300 µS cm -1 (equivalent to 470 mg l -1 TDS) will not cause significant degradation of the aquatic ecosystem, but EC levels of >500 µS cm -1 (equivalent to 780 mg l -1 TDS) are associated with significant adverse impacts on aquatic ecosystems. In order to regulate TDS discharge guidelines, the USEPA, researchers and operators need a better understanding of how TDS constituents are released from disturbed geological materials during mining and after reclamation, and how these constituents enter and impact streams. Unfortunately, no such method currently exists for the prediction of TDS release from overburden material.
The goal of this research was to determine a TDS release index using 41 overburden samples from the Appalachian coal region. Simulated weathering with dilute nitric acid (HNO 3 ) and ABA analyses for each sample were conducted to determine which parameters were most strongly linked to TDS release. TDS release was then compared to individual cations and anions released during weathering, as well as pH, EC, MPA, NP, NNP, and chroma of the overburden samples.
Materials and Methods

Field overburden collection and sample processing
Forty-one overburden samples were collected in 5-gallon buckets from recently-exposed geological materials at surface coal mines in West Virginia, Virginia, and Kentucky (15 samples from WV and VA, and 11 from KY). Emphasis was placed on collecting samples that represented a wide variety of rock types, such as mudstones, siltstones, and grey and brown sandstones. Initial screening revealed that rocks with high TDS were thought to be those with high sulphur contents and/or high carbonate contents (high MPA and high NP). Rock units with medium TDS potential were thought to be shales or other rocks with moderate sulphur and/or carbonate content. Rocks with low TDS potential were anticipated to be hard sandstones and/or weathered sandstones.
Samples were air-dried in the greenhouse at Virginia Tech and then the entire volume of each sample was crushed and passed through a 1.25-cm (0.5-in) sieve. Approximately 2000 g of each sample were sent to West Virginia University (WVU), where the samples were halved, and then further ground using a BICO pulverizing mill (BICO Inc. Burbank, CA) until all the sample could pass through a 2-mm (0.0787-in) sieve. After preliminary weathering tests involving two overburden sieve sizes (250 µm and 106 µm), we found no statistical difference in the concentrations of constituents released from the two particle sizes (Odenheimer et al. 2012) . Therefore, we concluded that the current particle size (<2 mm) was suitable for the weathering experiments.
Laboratory analysis: dilute nitric acid method
Dilute nitric acid (HNO 3 ) was utilized to determine TDS release from the 41 overburden samples. A solution of 0.0159 M dilute HNO 3 (pH of 2) was prepared in the lab by a 1/1000 dilution of trace metal grade HNO 3 (15.9 M). A dilute HNO 3 solution of 200 ml was combined with 1.00 g of <2-mm sized overburden material. The solution and overburden were placed in 250-ml plastic Nalgene bottles on a Wrist Action Shaker (Burrell, Model 75, Pittsburgh, PA) at c. 200 shakes per minute for a total of 120 hs (5 days). Sample bottles were left for 1 hr after shaking to let all solids settle prior to extraction. Aliquots of 20 ml were extracted from the bottles after 6, 24, 72, and 120 hrs of shaking. About 10 ml of the leachate were filtered and used for analysis of selected cations (Ca 2+ , Mg 2+ , Na + , K + , P, Fe, Al 3+ , Mn 2+ ) by inductively coupled plasma atomic emission spectrometry, ICP-AES (Optima DV-2100, Perkin Elmer, Norwalk, CT). A volume of 8 ml was used to measure pH and EC using a Mettler Toledo SevenEasy pH meter, and Mettler Toledo SevenCompact conductivity meter, respectively. The remaining 2 ml were analyzed for anions (Fl -, Cl -, NO 2 -, Br -, PO 4 3-, SO 4 2-) using Ion Chromatography (ICS-3000, Sunnydale, CA). Simulated weathering using dilute HNO 3 was replicated twice.
To determine paste pH, 5 g of overburden were combined with 5 ml of de-ionized water. The 1:1 mixture was placed on a reciprocating shaker table for 15 mins, then allowed to equilibrate for 1 hr. A Mettler Toledo SevenEasy pH meter was used to take the pH readings. Paste EC was determined by combining 5 g of overburden with 10 ml deionized water. The 1:2 mixture was placed on a reciprocating shaker table for 15 mins, then allowed to equilibrate for 1 hr. A Mettler Toledo SevenCompact Conductivity meter was used to determine EC readings.
Acid-Base Accounting parameters were determined by standard methods. Sulphur analyses were performed by dry combustion (LECO TruSpec S 432 Sulfur Analyzer (LECO Corp., St. Joseph, MI) (Sobek et al. 2000) . Neutralization potential (NP) was determined by a revised technique using hydrogen peroxide as outlined in Skousen et al. (1997) . Maximum potential acidity (MPA) was calculated from percent sulphur by multiplying total percent sulphur by 31.25 to get g kg -1 CaCO 3 equivalent. Net neutralization potential (NNP) was calculated by combining MPA and NP in g kg -1 as CaCO 3 and retaining the sign (an excess of MPA was negative and an excess of NP was positive).
Software programs R and JMP were used to perform statistical analyses to determine significant differences among samples and methods (R Development Core Team, 2013; SAS Institute, Inc., 2005) . Analysis of variance (ANOVA) was utilized to determine significant differences in elemental concentrations at different shaking times and means were separated with the Least Significant Difference procedure. Regression was used to examine relationships between TDS and ABA parameters.
Results and Discussion
Dilute nitric acid method
To determine trends of elemental release from these samples with nitric acid, average concentrations for each element were determined across all samples. Concentrations leveled off after 72 hrs of shaking for all samples (Table 1) , and showed no significant changes after 72 hrs. Aluminum concentrations ranged from 172 to 2028 mg kg -1 in these overburden samples (Table 2 ). Iron and Ca were released in high quantities: Fe concentrations ranged from 720 to 27,870 mg kg -1 ; and Ca concentrations ranged from 279 to 8237 mg kg -1 . However, a refuse sample (WV R) was an outlier, For the anions, chloride ion concentrations ranged from 37 to 5,200 mg kg -1 for these samples ( Table 2 ). The overburden samples released sulphate ions ranging in concentrations of 412 to 9493 mg kg -1 , roughly double that of chloride. Small amounts of fluoride were released in concentrations ranging up to 893 mg kg -1 , which made up less than 10% of the total anion concentration. Phosphate ions were also released from these samples in concentrations up to 2551 mg kg -1 . The 41 samples used for this research were chosen based on coal company ABA data and included a wide variety of rock types and stratigraphic positions. Hence, the large range in elemental concentrations released upon weathering for these samples was expected.
The average pH of the dilute nitric acid stayed constant with a mean of 1.97 ± 0.11 after 72 hrs of shaking for all samples ( Table 2 ). The samples that showed slightly elevated pH values of 2.2 or greater (VA 15, WV7, and WVR) generally had high Ca values, which probably related to higher alkalinity levels in the sample. Electrical conductivity (EC) did not change drastically over the duration of the shaking period ( Table 2 ). The average EC for all 41 samples was 4900 ± 770 µS cm -1 after 72 hrs of shaking. The pH and EC of the dilute nitric acid background solution (2.0 and 6100 µS cm -1 , respectively) controlled the pH and EC of the sample solutions during shaking even though some of the samples had significant acid and base components.
Determining a total dissolved solids release index
The sum of cations released from the dilute nitric acid shaking method (Table 2) should provide an indication of approximate TDS release potential, and should ideally correlate well with Paste EC. To make comparisons among parameters, TDS was calculated from Paste EC (called TDS Calc) using equation (1) (Evangelou 1998) (Table 3) .
When the sum of cations released after 72 hrs of weathering was compared with TDS calculated from Paste EC, an R 2 of 0.25 was found (Fig. 1) . Removing the refuse sample (WV R) from the analysis decreased the relationship to 0.09. The lack of relationship provided strong evidence that elements released (sum of cations) from the dilute nitric acid method did not provide a useful TDS release prediction. Although the sum of cations from nitric acid release (Table 2 ) did not provide a useful indicator, other rock properties should, such as those measured during the Acid-Base Account procedure. The properties that laboratories measure for Acid-Base Accounting include the reactive rock components such as paste pH, sulphidebearing minerals and carbonates, all of which should have a strong effect on TDS release upon weathering. Figure 2 examines the relationship between paste pH and TDS Calc. An inverse relationship was found between pH and TDS because elements in minerals tend to go into solution at lower pH values, thus producing more dissolved solids. But the relationship was not strong (R 2 = 0.12), especially below pH 6.0. The relationship would have been stronger had the three outliers with high TDS been removed from the analysis. Therefore, paste pH was not a strong indicator of TDS release potential.
The relationship between chroma of the material (the oxidized or reduced status of the rock material based on its brown or grey colour, with lower values equating to greyness) and TDS Calc produced a trend (Fig. 3) . Overburden samples with a chroma of 1 (grey) tended to produce variable TDS concentrations, whereas samples with a chroma of 4 (brown) produced very low TDS concentrations and very low variation. These results indicate that oxidized samples produced low TDS values, and reduced rock samples (more grey in colour) gave less predictable TDS values.
Neutralization potential (NP) is an important parameter in ABA because it measures the alkalinity or neutralizing capacity of that overburden sample. Carbonates, which are measured by NP, react upon exposure to the environment and high NP was hypothesized to result in high TDS (Table 3 ). Figure 4 shows the relationship between TDS Calc and NP. The relationship between these two parameters is weak (R 2 of 0.10). Removing the three outlying samples did not improve the R 2 value much, providing evidence that NP was not a suitable predictor of TDS release by itself. Maximum Potential Acidity is an important parameter of the ABA because it represents the acid potential of that overburden sample due to sulphide minerals. MPA is calculated by multiplying % sulphur by 31.25 . Maximum Potential Acidity and TDS Calc had a power relationship with an R 2 of 0.80 (Fig. 5) . Based on this relationship, overburden samples with MPA values of <1.0 g kg -1 were categorized in a low TDS potential category because TDS did not exceed 150 mg l -1 . Samples with a MPA value ranging from 1.0 to <3.0 g kg -1 (Table 1.4) produced less than 300 mg l -1 of TDS, whereas some rocks with MPA 3.0 g kg -1 or greater produced concentrations of TDS that exceeded the USEPA's proposed maximum contaminant limit of 500 mg l -1 . This high TDS limit with an MPA ≥3.0 g kg -1 is similar to other studies which showed that an MPA value of 5.0 g kg -1 or greater is most likely to produce acid mine drainage, and samples with an MPA <5.0 g kg -1 are not likely to produce acid mine drainage (Skousen et al. 2002) .
Subtracting the MPA from the NP yields a net neutralization potential (NNP), which is also in units of g kg -1 . A positive NNP indicates potentially acid-neutralizing rock units, and a negative NNP indicates a potential acid-producing rock unit. The relationship of NNP with TDS Calc had an R 2 of 0.73 (Fig. 6 ), but this was due to the strong pull of the refuse sample outlier (WV R). When removing WV R (-208 NNP, Table 3 ) and the other two outlying sample points (−26 and −33 NNP, Table 3), the R 2 decreases to 0.49 (Fig. 7) . Figure 7 shows, in general, that overburden samples with an NNP value of <−2.0 generated TDS concentrations greater than USEPA's proposed maximum contaminant limit of 500 mg l -1 . Overburden samples that had an NNP value of −2.0 or greater generated less than 300 mg l -1 (Table 5 ). According to our results, an NNP value of −2.0 is the threshold for whether or not these particular overburden samples should be further scrutinized for potential TDS concentration concerns.
Conclusion
TDS was calculated from Paste EC for 41 overburden samples collected in the Appalachian coal region and these values were compared to cations and anions released from weathering with a dilute nitric acid solution, as well as to Acid-Base Accounting parameters (paste pH, MPA, NP, NNP, and chroma). The best predictors of TDS were two ABA parameters: MPA and NNP. Based on MPA, a low (<150 mg l -1 ), moderate (<300 mg l -1 ), and high (>500 mg l -1 ) TDS release index was determined using MPA ranges of 0.0 to 1.0, 1.0 to 3.0, and 3.0+ g kg -1 , respectively. NPP was also found to predict TDS. An NPP <-2.0 g kg -1 was likely to produce concentrations of TDS exceeding 300 mg l -1 , and an NPP ≥−2.0 g kg -1 was likely to produce <300 mg l -1 of TDS. Our results show that MPA and/or NPP can be used to evaluate which overburden samples will likely produce high, moderate, or low TDS concentrations upon weathering, and these routine ABA overburden analyses will provide information to help operators properly treat, isolate and/or handle overburdens in this region to decrease TDS runoff from their sites.
